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simulation	 models	 from	 the	 fields	 of	 pneumatics,	 thermodynamics,	 heat	 transfer,	 electrical	 machines	 and	 power	 grids.	 The	 structure	 of	 the	 developed	 tool	 is	 introduced	 and	 a	 component	 library	 is	 built	 up	 on	 the































indicated	that	 the	cycle	efficiency	 is	 in	the	range	of	52–60%	with	wide-ranging	part	 load	capabilities	[5].	Chen	et	al.	presented	an	 isobaric	adiabatic	CAES	system,	 in	which	CO2	and	 its	mixtures	are	used	as	 the	volatile	 fluids	 for
extending	the	system	operation	over	a	wide	range	of	ambient	temperatures	[11].	The	thermodynamic	analysis,	including	exergy	efficiency	analysis	and	a	parametric	analysis,	was	evaluated	based	on	the	developed	steady	state	model
[11].	Wang	et	al.	experimentally	studied	a	pilot	CAES	system	with	TES,	which	used	water	as	the	TES	working	medium	and	heat	storage	[12].	An	average	cycle	efficiency	of	22.6%	was	achieved	in	the	tests	[12].	The	paper	discussed	the











From	the	above	research	papers	(i.e.,	 [4–6,9–16],	almost	all	of	 the	modelling	approaches	used	one	or	more	thermodynamic	(steady	state)	submodels	 (e.g.,	 the	submodels	of	compressors	and	expanders/turbines),	and	none
considered	detailed	submodels	of	relevant	electrical	components	in	the	whole	system.	A	complete	dynamic	system	model	should	have	time-dependent	dynamic	submodels	of	its	all	components.	Additionally,	there	is	no	complete	(i.e.,
electricity-to-electricity)	 time-dependent	dynamic	adiabatic	CAES	system	model	considering	all	 involved	multi	physical	 (i.e.,	pneumatic,	 thermal,	mechanical	and	electrical)	processes.	Thus	the	published	modelling	methods	cannot
achieve	full	dynamic	behaviors	of	the	actual	adiabatic	CAES	system.	The	dynamic	performance	can	significantly	differ	from	the	steady	state	characteristics	and	consequently,	dynamic	control	strategy	development	for	the	charging











growing	rapidly,	 there	 is	a	strong	demand	 for	 the	development	of	a	specific	simulation	software	 tool	 for	 this	purpose.	Developing	such	a	simulation	 tool	 faces	great	challenges,	such	as	 (1)	a	wide	range	of	dynamic	 time-scales	 in












Both Both Both Mainly	on	economics Technical	analysis Both Technical	analysis









Round-trip	efficiency Yes No No Yes N/A N/A N/A
Power/energy	scale Small-scale Small/mid.	scales Multi-scale Multi-scale Multi-scale Multi-scale Multi-scale
Steady/dynamic	state	analysis Steady Steady Possible	both Possible	both Steady Possible	both Steady
Multi-physics	analysis No No No No No No No
Real-time	simulation No No No No No Yes Yes
Dynamic	control No No Possible No No Yes Yes
User	defined	function No No Possible No Yes Yes Yes
Co-simulation No No No No Matlab/Simulink Fortran Fortran
Considering	the	above,	development	of	a	specific	simulation	software	tool	for	multi-scale	adiabatic	CAES	is	proposed.	The	features	of	this	simulation	tool	include:	(1)	it	is	the	first	simulation	software	software	tool	specifically
for	dynamic	modelling	and	transient	control	of	adiabatic	CAES;	(2)	it	consists	of	a	range	of	complex	and	novel	time-dependent	dynamic	models	and	thus	many	components’	and	systems’	variables	can	be	simulated,	many	of	which	are





























































































































initial	 air	pressure	and	 temperature	 inside	 the	 salt	 cavern	 set	 at	  Pa	and	330 K	respectively.	Fig.	6	 shows	 the	 comparison	 of	 experimental	 and	 simulated	 air	 pressures,	 and	 the	 comparison	 of	 simulated	 air	 temperatures,



























where	 is	the	rotation	speed	of	radial	turbine	in	rad/s;	 is	the	enthalpy	change	of	air	from	turbine	inlet	to	outlet	with	the	assumption	that	the	air	through	the	turbine	is	an	ideal	 isentropic	process;	 and	 are	 the
two	parts	of	the	torque	generated	on	the	rotor,	i.e.,	 obtained	from	the	sudden	deflection	of	the	flow	when	entering	the	rotor	and	 developed	in	the	rotor	passage;	 and	 are	tangential	velocities	of	the	rotor	at	its
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variation	 inside	 the	 salt	 caverns),	 compared	 to	 the	 thermodynamic	 (steady	 state)	 models.	 The	 dynamic	 model	 for	 adiabatic	 CAES	 systems	 can	 be	 used	 for	 the	 study	 of	 the	 interactions	 between	 the	 components/subsystems,














the	desired	 level.	Also,	 to	 improve	 the	efficiency	of	 the	motor,	 its	 speed	during	pressure	 transients	 should	be	kept	 at	 a	 rated	 value.	Thus,	 a	 cascade	control	 strategy	as	 shown	 in	Fig.	10(a)	with	 different	 control	methods	 can	 be
implemented.	The	internal	loop	control	should	be	faster	than	the	external	loop	control.	Here	the	internal	control	is	the	motor	speed	control	and	the	external	control	is	the	storage	tank	pressure	control.
For	instance,	PID	control	is	used	in	Controller	1	and	2	respectively	(Fig.	10(a)).	The	control	signal	generated	from	the	PID	controller	is:	 ,	where	 is	the	tracking	error;	 are	 the
proportional,	 integral	and	derivative	gains.	 In	Controller	1	 (i.e.,	 the	external	control),	 is	 the	difference	between	the	reference	corresponding	to	 the	target	pressure	 ( )	 and	 the	dynamic	pressure	 inside	 the	 tank	 ( )
multiplied	by	a	feedback	gain	( );	the	signal	generated	from	Controller	1	is	the	reference	corresponding	to	the	asynchronous	motor	rotor	speed	( ).	In	Controller	2	(i.e.,	the	internal	control),	 is	the	difference	between	the
reference	( )	and	the	speed	of	the	asynchronous	motor	rotor	( )	multiplied	by	a	feedback	gain	( );	the	output	signal	of	Controller	2	is	the	reference	corresponding	to	the	power	converter	frequency	( ).
The	power	converters	used	for	the	AC	machine	control	indicate	intermediate	conversions	of	AC-DC	and/or	DC-AC	voltages,	to	achieve	the	regulation	of	frequency	and	voltage	magnitude	of	the	AC	machine	power	supply.	The
		ωAm	 		τcrank	 		 	
Ptank	 		χtank,heat≈0	
Fig.	10	a	small-scale	adiabatic	CAES	charging	system	with	dynamic	cascade	control.
		 	 		 	 		kp,kI,kD	
		 	 		 	 	Ptank	
		k1	 		 	 		 	
		 	 		ωAm	 		k2	 		 	
transient	mathematical	descriptions	of	power	converters	can	be	approximated	by	aperiodic	functions	as	shown	in	Fig.	10(b).	It	is	seen	that:	one	channel	is	for	frequency	regulation	with	the	reference	 ,	the	channel	gain	 and	the
time	constant ;	another	channel	is	for	voltage	magnitude	 regulation	with	the	reference	 ,	the	gain	 and	the	time	constant	 .	The	functional	converter	(Fig.	10(b))	sets	a	specific	relationship	between	the	frequency
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the	 grid	 (i.e.,	 this	 type	 of	 applications	 could	 have	 less	 link	with	 transient	 time),	 the	 application	 potentials	 that	 can	 be	 studied	 using	 the	 tool	 include	 low	 voltage	 ride-through,	 grid	 frequency/voltage	 regulation	 and	 control,	 grid
fluctuation	suppression	and	other	power	quality	grid	applications	(i.e.,	they	all	require	the	dynamic/transient	state	study	and	analysis).
5	Conclusion
From	 a	 comprehensive	 literature	 review,	 it	 has	 been	 found	 that	 a	 simulation	 tool	with	 specific	 capabilities	 for	 adiabatic	 compressed	 air	 energy	 storage	 time-dependent	 dynamic	modelling	 and	 transient	 control	with	 the
integration	of	electrical	power	systems	is	lacking.	The	paper	presents	a	feasibility	study	of	the	development	of	such	a	simulation	tool.	A	range	of	dynamic	models	in	different	engineering	areas	are	developed	for	the	proposed	software





















		 	 		Bcy	 		lcy	 		acy	 		ACpiston	 		θcy	
(A.2)
		ωcy	 		
where	 ,	 is	 the	 effective	 areas	 of	 the	 inlet	 or	 outlet;	 and	 are	 up	 and	 down	 stream	 pressures,	 respectively,	 is	 the	 discharge	 coefficient;	
,	 is	universal	gas	constant,	 is	the	molar	mass	of	air;	 is	the	ratio	of	specific	heats;	 From	the	first	 law	of	thermodynamics	 [43],	 the	below	expression	can	be
obtained,
where	 stands	for	the	specific	internal	energy;	 is	the	mass	of	air;	 is	the	specific	enthalpy	of	air;	 is	 the	rate	of	energy	transfer	as	the	work	done	on	the	fluid	by	the	piston	( );	 the	subscripts	“ ”	 and	 “ ”
represent	the	 input	and	output	respectively;	 is	the	rate	of	energy	transfer	as	heat;	considering	that	the	heat	transfer	via	the	cylinder	wall	 is	very	small	 [43],	 is	 ignored	 in	 the	modelling.	From	the	definition	of	enthalpy,	 the
following	equation	can	be	derived,








Both	design	and	off-design	conditions	are	considered	in	the	numerical	model	 for	radial	turbines.	Assuming	the	radial	turbine	 is	a	purely	resistive	fluid	flow	component,	 the	accumulation	of	mass,	momentum	and	energy	 is
negligible	in	the	modelling	[39,40].	The	specific	work	released	by	the	turbine,	( ),	can	be	described	by	the	changes	in	momentum	of	compressed	air,
(A.3)
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where	 and	 are	 tangential	 velocities	of	 rotor	at	 its	 inlet	 and	outlet,	 respectively,	 and	 and	 are	 the	 tangential	 velocities	 of	 air	 at	 the	 rotor	 inlet	 and	 outlet.	 At	 the	 turbine	 design	 condition,	 ,	
,	 ,	and	it	can	be	assumed	that	the	air	through	the	stator	is	a	reversible	adiabatic	process.	From	the	steady-flow	equation	[43],	the	velocity	of	the	air	at	the	nozzle	outlet	of	the	stator	( )	is,
where	 and	 are	air	temperature	and	pressure	at	the	stator	nozzle	inlet;	 is	air	temperature	at	the	stator	nozzle	exit.	Similarly,	the	stage	terminal	velocity	of	air	( )	can	be,
where	 is	air	temperature	at	the	rotor	exit.
At	off-design	conditions,	the	part-load	operation	can	result	in	incidence	loss	[39,40].	In	this	case,	from	flow	energy	conservation,




where	 is	the	nozzle	exit	angle	from	the	sudden	change	of	the	flow	direction,	 is	the	rotor	exit	angle,	 is	the	diameter	of	the	rotor	periphery,	 is	the	mean	diameter	of	the	rotor	exit.	The	stator	nozzle	mass	flow
rate	( )	and	the	rotor	mass	flow	rate	( )	can	be	obtained	by,






where	 the	 subscripts	 “ ”	and	“ ”	 represent	 the	 incoming	and	outgoing	 air	 of	 the	 salt	 cavern,	 respectively,	 the	 subscript	 “ ”	 stands	 for	 the	 salt	 cavern	 itself,	 is	 air	 density,	 and	 can	 be
calculated	by	the	Orifice	Theory	(Eq.	 (A.3)),	 is	 the	cross	sectional	area	of	 the	 incoming	or	outgoing	air	and	 is	 the	air	 flow	velocity.	From	the	 first	 law	of	 thermodynamics,	Eqs.	 (A.4)-(A.6)	can	be	derived.	Also,	considering	
,	the	rate	of	change	of	air	pressure	in	the	salt	caverns	is,
		veTrotor2	 		veTrotor3	 		 	 		 	 		 	
	 		 	 		 	
(A.12)
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(A.19)
		 bTrotor2	 		 bTrotor3	 	 ρTair1	 		 	
		 	 		 	
(A.20)
		 in,cavern	 		out,cavern	 		cavern	 	 ρ	 		 	 		 	
		 	 		 	
	
where	 is	 the	 cavern	wall	 temperature,	 is	 the	 cavern	 heat	 transfer	 coefficient	 and	 is	 the	 surface	 area	 of	 the	 salt	 cavern.	 An	 effective	 heat	 transfer	 coefficient	 can	 be	 defined	 as:	 .	
stands	 for	 a	 combination	 of	 a	 natural	 convection	 and	 a	 forced	 convection	 (refer	 to	 [3]).	 From	 the	 Dittus–Boelter	 equation	 [45],	 the	 effective	 heat	 transfer	 coefficient	 ( )	 can	 be	 approximately	 described	 as:	
,	where	 and	 are	the	effective	heat	transfer	coefficients	caused	by	the	natural	convection	and	the	forced	convection,	respectively.	Because	the	temperature	variation	in	the	salt	cavern	is	not
very	high,	 and	 can	be	assumed	to	be	fairly	constant.	Such	a	lumped	parameter	correlation	is	an	acceptable	approximation	(refer	to	[3,36]).





where	 ,	 and	 are	 the	 heat	 transfer	 coefficient	 and	 the	 heat	 exchange	 area,	 ,	 ,	 are	 the
thermal	capacity	rates	of	the	two	flows	of	HEX,	respectively.	With	the	assumptions	of	the	heat	transfer	of	HEX	shell	being	ignored	and	no	heat	source	and	no	leakage	inside	the	HEX	[19],	the	outlet	temperature	of	the	1st	flow	is,
The	outlet	temperature	of	the	2nd	flow	is,
where	 is	 the	 inlet	 temperature	 of	 hot	 flow	 and	 is	 the	 inlet	 temperature	 of	 cold	 flow.	 ,	 are	 the	 specific	 heats	 of	 the	 1st	 and	 2nd	 flows	 at	 constant	 pressures	 respectively.	 The	 above	 is	 a	 simplified
description	of	the	steady	state	HEX	model.
For	 the	dynamic	modelling,	 the	assumptions	are	made	 that:	 (1)	heat	conduction	 is	 ignored	 in	 the	 flow	direction;	 (2)	 there	 is	no	heat	 source	 inside	HEXs;	 (3)	 there	 is	no	heat	 transfer	via	 the	HEX	shell;	 (4)	 the	 fluids	are
incompressible	within	the	HEX.	From	heat	balance	[46],	the	governing	equation	is,
where	the	subscript	“ ”	 stands	 for	 the	working	medium	fluid	 in	 the	HEX,	 is	density, is	enthalpy	and	 stands	 for	 the	heat	generation	 item.	The	Finite	Difference	Method	 (FDM)	can	be	used	 to	 solve	Eq.	 (A.25).	Each
of	the	two	flow	channels	is	discretised	into	a	number	of	elements	from	one	port	to	another.	Considering	an	approximation	that	the	enthalpy	of	fluid	is	a	function	of	temperature	(i.e.,	 ),	and	the	temperature	of	the	fluid	is
a	function	of	position	and	time	( ),	also	the	mass	balance ,	Eq.	(A.26)	can	be	derived	from	Eq.	(A.25),
where	 is	the	 th	element	of	one	discretised	flow	channel	and	 its	corresponding	heat	generation	rate	 ,	 the	subscripts	 and	 stand	 for	 the	hot	and	 the	cold	 flows	 respectively,	
and are	the	heat	transfer	coefficient	and	its	surface	area,	the	 th	element	of	one	discretised	flow	channel	has	heat	transfer	to	the	 th	element	of	another	discretised	flow	channel.	By	FDM,	Eq.	(A.26)	can	be	solved	by	a	group
of	algebraic	equations,	in	which	the	convective	term	of	both	air	and	water	is	discretised	using	the	first	order	upwind	scheme	[47].	The	boundary	conditions	are:	(1)	parallel	flow:	 ,	 ;	(2)
(A.21)
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(A.22)
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(A.24)
		 Tin,max	 		 Tin,min	 		Cp,flow1	 		Cp,flow2	
(A.25)
		 fluid	 		ρ	 		H	 		 	
		Hfluid	=	Cp,fluidTfluid	
		 	 		 	
(A.26)
		 i	 		 i	 		 	 	hot	 		cold	 	 ζhex
	Ahex	 		i	 		i	+	N	
		 	 		 	
counter	flow:	 ,	 ,	 are	the	positions	to	two	ports	of	the	flow	channel	respectively.
A.5	Dynamic	modelling	of	water	tanks
The	assumptions	made	for	modelling	work	are:	(i)	there	is	no	heat	source	or	sink	in	the	tank;	(ii)	the	density	of	water	is	considered	as	a	constant.	From	energy	balance,
where	 is	 the	density	 of	water,	 is	 specific	 heat	 of	water	 at	 constant	 pressure,	 is	 the	volume	of	 tank ,	 is	 the	 bottom	 area	 of	 tank,	 is	 the	 height	 of	 tank,	 is	 the	 heat	 transfer






where	 the	 subscripts	 “ ”,	 “ ”	mean	 the	 synchronous	 generator	 stator	 and	 axes,	 respectively,	 “ ”,	 “ ”,	 “ ”	 represent	 the	 synchronous	 generator	 field	 windings,	 axis	 damper	 windings	 and	 axis	 damper
windings,	 ,	 ,	 ,	 and	 stand	for	flux,	voltage,	current,	resistance	and	inductance,	 and	 are	the	 and	 axis	magnetizing	inductances,	respectively,	 and	 are	the	electromagnetic	torque	and	the	driving	torque	of
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where	 the	 subscripts	 “Ar”	and	“As”	 stand	 for	 the	 asynchronous	motor	 rotor	 and	 stator,	 respectively,	 the	 subscripts	 “Aqs”	and	“Ads”	mean	 the	 asynchronous	motor	 stator	 and	 axis	 individually;	 the	 subscripts	 “Aqr”	 and	 “Adr”
stand	for	the	rotor	 and	 axis	respectively,	 ,	 ,	 ,	 and	 stand	for	flux,	voltage,	current,	resistance	and	induce,	 is	mutual	inductance,	 is	the	reference	frame	angular	velocity,	 and	 are	the	rotor	angular	velocity
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where	 is	the	frequency	deviation	from	the	nominal	requencyfrequency;	 is	the	change	of	the	system	power;	 is	the	system	normal	frequency.	The	relationship	between	power	and	frequency	deviation	is:























		Δf	 		 	 		f0	
(A.39)
		 	 		 	 		 	 		 	
		3.44×10	-	3
		9.87×10	-	5
		2.73×10	-	3
		9.87×10	-	5
		2.236×10	-	3
		1.011×105
		3.69×10	-	1
		1.845×10	-	1
		4.716×10	-	1
		1.2×10	-	2
		5.895×10	-	1
		5.7×10	-	3
		2.886×10	-	1
3rd	stage:	clearance	volume	(m3)
Salt	cavern
Cavern	volume	(m3)
Cavern	wall	temperature	(K) 323
Natural	convection	heat	transfer	coefficient 0.2356
Forced	convection	heat	transfer	coefficient 0.0149
Initial	pressure	inside	the	cavern	(Pa)
Initial	temperature	inside	the	cavern	(K) 330
Radial	turbine
Rotor	inlet	angles	of	all	three	stage	turbines	(degree) 13
Rotor	exit	angles	of	all	three	stage	turbines	(degree) 33.9
1st	stage:	diameter	of	rotor	at	inlet	(m)
1st	stage:	depth	of	rotor	entry	section	(m)
1st	stage:	depth	of	rotor	exit	section	(m)
2nd	stage:	diameter	of	rotor	at	inlet	(m)
2nd	stage:	depth	of	rotor	entry	section	(m)
2nd	stage:	depth	of	rotor	exit	section	(m)
3rd	stage:	diameter	of	rotor	at	inlet	(m)
3rd	stage:	depth	of	rotor	entry	section	(m)
3rd	stage:	depth	of	rotor	exit	section	(m)
Synchronous	generator
Stator	resistance	(pu)
Stator	inductance	(pu)
Resistance	of	the	field	windings	(pu)
		3.5×10	-	3
		8×102
		46×10	-	5
		1.728×10	-	1
		4.4×10	-	3
		1.48×10	-	2
		2.226×10	-	1
		7.4×10	-	3
		2.53×10	-	2
		2.516×10	-	1
		1.92×10	-	2
		6.42×10	-	2
		9.5×10	-	3
		5.0×10	-	2
		1.971×10	-	3
Leakage	inductance	of	the	field	windings	(pu)
Resistance	of	d	axis	damper	windings	(pu)
Inductance	of	d	axis	damper	windings	(pu) 2.139
Resistance	of	q	axis	damper	windings	(pu)
Inductance	of	q	axis	damper	windings	(pu) 2.2044
Generator	rated	power	(kW) 2000
Table	7	The	parameters	of	the	simulation	study	example	in	Section	4.3.
Parameters Value
Asynchronous	motor
Stator	resistance	(ohm) 1.115
Stator	leakage	inductance	(H)
Rotor	resistance	(ohm) 1.083
Rotor	leakage	inductance	(H)
Mutual	inductance	(H) 0.2037
Motor	rated	power	(kW) 3.73
Piston	compressor
Initial	air	pressures	at	three	cylinders	(Pa)
Initial	air	temperatures	at	three	cylinders	(K) 293
Connecting	rod	lengths	of	three	cylinders	(m)
1st	stage:	cylinder	bore	(m)
1st	stage:	stroke	length	(m)
1st	stage:	clearance	volume	(m3)
1st	stage:	crank	radius	(m)
1st	stage:	connecting	rod	length	(m)
2nd	stage:	cylinder	bore	(m)
2nd	stage:	stroke	length	(m)
		3.418×10	-	1
		2.013×10	-	1
		2.682×10	-	2
		5.974×10	-	3
		5.974×10	-	3
		1.011×105
		1.3×10	-	1
		8×10	-	2
		1.9×10	-	1
		1.96×10	-	4
		9.5×10	-	2
		1.3×10	-	1
		5×10	-	2
		1.6×10	-	1
2nd	stage:	clearance	volume	(m3)
2nd	stage:	crank	radius	(m)
2nd	stage:	connecting	rod	length	(m)
3rd	stage:	cylinder	bore	(m)
3rd	stage:	stroke	length	(m)
3rd	stage:	clearance	volume	(m3)
3rd	stage:	crank	radius	(m)
3rd	stage:	connecting	rod	length	(m)
Adiabatic	compressed	air	storage	tank
Cavern	volume	(m3)
Inlet	port	area	(m2)
Initial	pressure	inside	the	cavern	(Pa)
Initial	temperature	inside	the	cavern	(K) 293
Power	converter
Frequency	channel	gain 5
Frequency	channel	time	constant	(sec) 0.001
Voltage	magnitude	channel	gain 31.11
Voltage	magnitude	channel	time	constant	(sec) 0.001
Amplitude	of	the	initial	phase	voltage	(v) 9.33
Amplitude	of	the	rated	phase	voltage	(v) 311.13
Rated	frequency	(Hz) 50
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